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The purpose of the investigation was to study 
the effect of material thickness, weld heat input and 
post weld heat treatment on the tensile properties and 
microstructure of Ti-6Al-6V-2Sn Titanium, and obtain a 
practical weld/thermal treatment cycle. The 
I I 
objectives were accomplished by electron beam and gas 
tungsten arc welding 0.060, 0.125 and 0.250 inch thick 
material and then heat treating at various temperatures 
and times. Electron beam and gas tungsten arc welding 
enabled an approximate 4:1 ratio of heat inputs to be 
utilized. Resultant welded and heat treated material 
was tensile tested and metallographically examined. 
Heat treatments involved both air and furnace cooling 
from temperatures as high as 1550°F. 
Post weld heat treatments involving air cooling 
resulted in partial solution treatment and yield 
strengths as low as 50% of the as-received properties. 
Elongation values were also lower than those achieved 
from heat treatments involving furnace cooling. The 
effect was considerably increased with increasing 
heat treatment temperature. The most practical post 
weld heat treatment of 1400°F for 4 hours and furnace 
cool resulted in strengths that were 95-100% of the 
as-received properties. Elongation values varied 
from as low as 2% in the as-welded condition to 
7-12% following this post weld heat treatment. The 
microstructure revealed a fusion zone with 
considerable alpha plate growth compared with the 
typical as-welded coarse transformed beta and the 
structures approach equilibrium quantities of the 
alpha and beta phases and equilibrium composition of 
the individual phases. 
Increasing material thickness and decreasing weld 
heat input had little effect on tensile strength, 
however ductility was increased by 2-3% elongation. 
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High strength alpha-beta titanium alloys will be 
the primary structural material used in the next 
generation airframes and will make up approximately 
50% of the structural weight. The alpha-beta 
titanium alloy, Ti-6Al-6V-2Sn, has been selected for 
structural application with advanced aircraft ~here 
maximum strength efficiency is required. In many 
areas welding supplies an efficient fabrication 
method for producing titanium airframe structures. 
Unfortunately, howeTer, Ti-6Al-6V-2Sn in the as-
welded condition exhibits Tery poor ductility; less 
than 2% elongation on tensile testing. The low duct-
ility is also associated with a weldment micro-
structure ranging from equiaxed alpha-beta in the 
parent material, through degrees of transformed and 
untransformed beta in the weld zone. The micro-
structure and mechanical properties of Ti-6Al-6V-2Sn 
are closely related and therefore it is probable that 
to increase ductility, post-weld heat treatments are 
required that will homogenize the grain structure in 
the weld area. A more detailed discussion of the 
microstructure and associated mechanical properties 
1 
is given in the review of literature section. 
B. Investigation Objectives 
It is the purpose of this investigation to study 
the effect of weld heat input and stress relief/ 
thermal treatments on the ductility and micro-
structure of Ti-6Al-6V-2Sn titanium alloy weldments 
and to obtain a practical weld process/thermal 
treatment cycle. The investigation objectives were 
accomplished by utilizing both electron beam and 
gas tungsten arc welding which enabled the 
effect of low ~nd high weld heat inputs to be 
studied. The effect of weld heat input and heat 
treatment on the ductility, weld static strength 
and microstructure of Ti-6Al-6V-2Sn was evaluated 
through tensile tests and metallography. 
2 
II. H.EVIEW OF LITERATlJHE 
A. Physical Metallurgy of the Alpha-Beta Titanium 
Alloy System 
The basic physical metallurgy of titanium and 
its alloys was well explained in three publications. 
The first vas by Ogden and Holden(!) in May 1958, the 
second vas a paper presented by ~eagle and Bartlo( 2 ) 
in 1968, and the third vas by Clark and Manfre()) in 
1968. The authors of these publications discussed 
the physical metallurgy of titanium alloys as re-
lated to the alloy classification. The alloy types 
were classified by the phases present at room temper-
ature and were alpha, alpha + compound, alpha + beta 
and beta. The alpha + beta group contains the 
largest number of commercial alloys and Ti-6Al-6V-2Sn 
is one of these. The alpha-beta alloys are formu-
lated so that both the hexagonal close-packed alpha 
phase and the body centered-cubic beta phase co-exist 
at room temperature. The variety of properties that 
can be achieved in alpha-beta alloys is a result of 
their response to heat treatment which is achieved by 
altering both the phase compositions and the amounts 
of the alpha and beta phases. 
Most alpha-beta alloys contain substantial 
amounts of the beta-isomorphous elements, molybdenum 
3 
or Tanadium. These additions depress the transform-
ation temperature and stabilize the beta phase to 
lover temperatures. A schematic example of the Ti-V 
system at 6%Al is shown in Figure 1. SeTeral import-
ant features in this diagram should be noted. First, 
the titanium beta phase is isomorphous with vanadium, 
i.e., both haTe the sam~ body-centered cubic crystal 
structure. As a result, this type of system is 
referred to as beta-isomorphous. Other binary 
systems of this type are Ti-Cb, Ti-Mo and Ti-Ta. 
The second feature of this diagram is that the 
titanium beta phase can exist in equilibrium at lov 
temperatures providing a sufficient amount of the 
alloying element is added. A third feature is that 
at temperatures where most titanium alloys are used, 
both the alpha and beta phases can co-exist. The 
amount of each, of course, depends on the amount of 
the beta stabilizing elements present. 
B. Effect of Heat Treatment on the Microstructure 
of Alpha + Beta Titanium 
Phase diagrams depicting the phase relation-
ships for temperature and composition are based on 
the assumption that equilibrium is achieTed. During 
the heat treatment of titanium this often is not 
true. The microstructural changes due to heat treat-
4 
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5 
ment, discussed below, in the Ti-V system at 6~Al, 
apply directly to the Ti-6Al-6V-2Sn alloy at 6% V. 
The tin addition of two percent is a neutral 
stabilizer and increases solid solution strength of 
both alpha and beta phases, but has little effect on 
the phase relationships. Publications by Seagle and 
Bartlo( 2 ), Maykuth( 4 ) and Air Force Materials 
Laboratory(S) discussed the effect of heat treat-
ment on the microstructure of alpha-beta alloys. 
They stated that from the beta-isomorphous diagram, 
Figure 1, it can be observed that when slow cooling 
from a temperature above the beta transus to room 
temperature, the beta phase transforms to alpha plus 
beta. However, sufficient time is not always 
available for diffusion-controlled reaction to reach 
equilibrium. Under these conditions, where phase 
changes are sluggish, several metastable phases can 
occur. A metastable phase is a phase which can 
exist in transition to an equilibrium or more stable 
state. The metastable phases in titanium are omega, 
martensite (alpha-prime) and metastable beta. 
Metastable beta can be developed in those alpha-
beta alloys which contain sufficient amounts of beta-
stabilizing elements to retain the beta phase at room 
temperature on rapid cooling from the alpha-beta or 
6 
7 
beta phase fields. The composition of the alloy must 
be such that the beta-stabilizing element or elements 
depress the M below room temperature. The M 
s s 
(Martensitic-start temperature) is the temperature at 
which alpha-prime (Martensite) begins to form on 
rapid cooling the beta phase. Alpha-prime sometimes 
referred to as martensitic alpha, is a non-
equilibrium supersaturated alpha structure formed by 
diffusionless transformation of the beta phase during 
rapid cooling. If the amount of beta stabilizers in 
the alloy is so low that the M temperature is above 
8 
room temperature, or if an alpha-beta alloy is heated 
to temperatures high in the alpha-beta field so that 
the beta phase is lean in beta stabilizer, alpha-
prime, rather than metastable beta, will form on 
quenching. 
The various conditions under which beta or alpha-
prime may form can be observed in Figure 1. For 
example, at 1550°F the beta phase present is of 
composition a-a, and is such that the M temperature 
s 
is not encountered on quenching. Thus, no alpha-
prime would be produced and the microstructure would 
consist of primary alpha in a metastable beta matrix. 
Upon heating the alloy to 1750°F, the amount of 
primary alpha diminishes while the proportion of beta 
increases and is further diluted to composition b-b. 
On quenching from 1750°F, the M temperature is 
s 
encountered at point c, resulting in the formation 
of alpha-prime. Further increasing the temperature 
to 1950°F results in continued dilution of the beta 
phase to 4% vanadium. On quenching the beta phase 
transforms to alpha-prime. 
At slower cooling rates, such as furnace 
cooling the alpha-prime is not formed and the alpha 
phase takes on different morphologies dependi11g on 
the temperature and cooling rate. By cooling slowly 
from a temperature above the beta transus, the beta 
transforms to alpha plates which become broader as 
the cooling rate decreases. 
C. Effect of Microstructure on Properties of 
Ti-6Al-6V-2Sn 
The selection of an anr1ealing temperature 
depends on the combination of properties that are 
desired. Historically, low annealing temperatures 
have generally been userl, since higher strengths were 
achieved as a rPsult of fine grain size. A paper by 
Hall and Pierce( 6 ) in 1968 discussed the effect of 
microstructure on the properties of Ti-6Al-6V-2Sn. 
The authors stated that the microstructures determine 
in large part the mechanical properties of the alloy. 
8 
They categorized the microstructure in five classi-
fications as shown in Table I. These microstructures 
can be related to the work of Seagle and Bartlo( 2 ) and 
from references (4) and (5) discussed in Section B 
and to investigations by Hickey( 7 ), McAllister(B) and 
Fopiano and Hickey( 9 ). It was observed from the 
results of these papers that microstructure classi-
fication D was desirable in obtaining maximum 
ductility. At annealing temperatures below the M 
s 
(as shown in Figure 1) elongation values as high as 
18% were obtained on tensile testing. At annealing 
temperatures close to the M , for example 1600°F, 
s 
the highest elongation values are obtained. 
Unfortunately, however, a loss of strength is also 
observed. Hall and Pierce( 6 ) and Molinier, Moulin 
and Syre(lO) found that by annealing close to the 
beta transus and then re-heat treating at a lower 
temperature results in optimum strength and ductility. 
D. Alpha-Beta Titanium ~eld Characteristics 
The effect of welding on the metallographic and 
mechanical properties of titanium was well described 
by Mitchell(ll) in June 1968. Summarizing that 
description it may be stated that the structures and 
properties of welded titanium alloys differ from 







A Elongated alpha (primary alpha) 
with either untransformed beta or 
beta containing fine* aging 
products 
B Nearl) equiaxed alpha (primary 
alpha with either untransform~d 
beta or beta containing fine* 
aging products 
c Elongated alpha (primary alpha 
along with acicular alpha 
(secondary alpha) and eith~r 
untransformed beta or beta 
containing fine* aging products 
D Nearl) equiaxed alpha (primary 
alpha along with acicular alpha 
(secondary alpha) and either 
untransformed beta or beta 
containing fine* aging products 
E Acicular (secondary alpha) and 
either untransformed beta or beta 
containing fine* aging products 
* aging products not resolvable at 400X 
cast structure which may have the deficiencies 
normally expected in such a structure. The heat-
affected zone is a finite agglomerate of unfused 
metal which has been exposed to a variety of 
temperatures between ambient and the melting point of 
the metal being joined. The heat-affected zone has 
also been subjected to very rapid increases in 
temperature with very short time at maximum 
temperature, and the time-temperature cycle of an 
infinitely small zone is different from a similar 
zone a very small distance away. The probability of 
non-equilibrium phase transformation during the weld 
heating cycle is practically certain, and the 
structural variation is further increased by both 
the heat-affected and fusion zones undergoing non-
equilibrium transformation during cooling. Titanium 
alloys are also characterized by a high yield 
strength and a narrow spread between ultimate and 
yield strength. Titanium welds, therefore, can 
exhibit relatively high residual welding stresses. A 
publication by Reactive Metals (l 2 ) discussed in 
detail the weld characteristics of titanium alloys. 
This publication together with a report by Monroe 
and Mortland(lJ) in November 1967, Scott and Dinsdale 
(l4 ) in May 1968 and KhoreY, Gruzdeva and 
1 1 
1 2 
Titarenko(lS) in June 1969 discussed the effect of 
welding on alpha-beta alloys. The authors stated that 
the properties of alpha-beta alloys may be altered 
greatly by heat-treatment, as discussed in the 
previous sections. Therefore, the thermal effect of 
welding may significantly change the microstructure 
and properties both in the weld and heat-affected 
zones. The effect of alloying elements on the 
weldability of alpha-beta alloys was discussed in a 
report by Mitchell{l 6 ). With alloys that contain 
about 3% of either chromium, iron, manganese or 
molybdenum and more than 5% of vanadium either singly 
or in combination with each other are not normally 
used in fusion welding applications because of 
resulting low weld ductility. Even with alloys 
containing percentages of these elements in excess of 
the amounts given above, it is sometimes possible to 
improve weld ductility by a post-weld heat treatment. 
E. Properties of Welded Ti-6Al-6V-2Sn 
The weldability of Ti-6Al-6V-2Sn has been 
evaluated by many investigators; apparently, however, 
little attention has been given to microstructure and 
the effect of post-weld heat treatment on micro-
structure. The most detailed study of the weldability 
of Ti-6Al-6V-2Sn including mechanical property 
evaluations was conducted by Schwenk, Kaehler and 
Kennedy(l7 ) in February 1967. The results of their 
work was supported by Mitchell(lB) in March 1962, 
Mitchell(l 9 ) in May 1964, Gruss and Headley( 20) in 
October 1970, Wu( 2 l) in August 1969 and through 
investigations reported in references (5) and (13). 
The investigators determined that the Ti-6Al-6V-2Sn 
alloy was fusion weldable by either the gas tungsten 
arc or electron beam welding processes. Mechanical 
property evaluations, however, have exhibited very 
low weld ductilities; less than 5% elongation on 
tensile testing. The investigators recommended that 
optimum post-weld heat treatments be developed to 
improve weld ductility. 
F. Improving the Ductility of welded Ti-6Al-6V-2Sn 
Titanium welds characteristically exhibit 100% 
static strength joint efficiencies and losses of 
about 2% in tensile elongation. A report by Ball( 22 ) 
in September 1969 evaluated the mechanical properties 
of seTeral types of welded joints in the alpha-beta 
Ti-6Al-4V titanium alloy. In all cases joint 
tensile elongation was obserTed to be about 8 - 10%, 
which was a reduction of approximately 2% from the 
non-welded properties. The titanium alloy 
Ti-6Al-6V-2Sn has about the same ductility as 
1 3 
Ti-6Al-4V in the non-welded state, but in the welded 
condition the typical tensile elongation of 
Ti-6Al-6V-2Sn is 2% compared with the 8 - 10% of 
Ti-6Al-4V. This loss of ductility can in part be 
attributed to residual stresses due to welding as 
indicated by Maykuth( 2J) in July 1968 and Uobelotto, 
Lambase and Toy( 24 ) in July 1968. However, short 
time stress relief heat treatments will completely 
remove these residual welding stresses, as indicated 
by the investigators for several alpha-beta 
titanium alloys. 
Ti-6Al-6V-2Sn in the as-welded condition 
exhibits very low ductility, but the low ductility 
cannot in the main part be attributed to residual 
stresses. Investigations reported in reference (20) 
illustrate this point by indicating that even after 
regular annealing heat treatment the weld ductility 
remained relatively unchanged from the as-welded 
properties. Inhomogeneities in the welded 
Ti-6Al-6V-2Sn micr~structure, are enhanced by the 
increased percentage of beta stabilizer as compared 
to the Ti-6Al-4V alloy. It is therefore apparent 
that post-weld heat-treatments are required that will 
homogenize the fusion and heat-affected zone micro-
structure and transform the metastable phases of 
1 4 
omega, and matensite (alpha-prime) to primary alpha 
in a metastable beta matrix. 
G. Summary of Literature Review 
The review of literature discussed typical low 
ductility values of as-welded and stress relieved 
welds in Ti-6Al-6Y-2Sn titanium alloy. All the 
previous investigations discussed, have not 
considered modification of fusion and heat-affected 
zone microstructure by post-weld heat treatment. 
Several investigators, however, have stated that the 
mechanical properties of alpha and beta alloys are 
greatly affected by microstructure. Attempts have 
been made to increase ductility by altering weld 
parameters, cooling rates and using different filler 
wire compositions. None, however, succeeded in 
obtaining combinations of strength an~ ductility 
that would be satisfactory in airframe design. It 
is therefore the purpose of this program to 
investigate the effect of post-weld heat-treatment 
on the ductility and microstructure of Ti-6Al-6V-2Sn. 
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III DISCUSSION 
A. Experimental Procedure 
1. Material Condition 
Commercially available Ti-6Al-6V-2Sn titanium 
alloy in the annealed condition per AJ1S4918B vas 
16 
used for the evaluations. Three material thicknesses 
of 0.060, 0.125 and 0.250 inchesvere selected so that 
the effect of section size on both the metallurgical 
and veld properties could be studied. The chemical 
composition of Ti-6Al-6V-2Sn utilized is shown in 
Table II. 
The procurred material vas machined into panels. 
The 0.060 inch thick material vas machined into four 
36 x 5 inch and one 10 x 5 inch panels. The 0.125 
inch thick material was machined into four 5 x 5 inch 
and one 10 x 5 inch panels. The 0.250 inch thick 
material vas machined exactly the same as the 
0.125 inch. The grain direction was identified on 
each panel. 
2. Welding of Test Panels 
The four 36 x 5 x 0.060 inch, four 5 x 5 x 0.125 
inch and four 5 x 5 x 0.250 inch panels were all 
prepared for welding by the following method: 
(a) One 36 inch edge on each of the 0,060 inch 
















CHEMICAL COM~OSITIUN UF 
Ti-6A.l-6V-2Sn TEST .HATBHIA.L 
Test Material 
.060" .125" .250" 
Thick Thick Thick 
.045 .023 .026 
.57 .68 .51 
.03 .012 .016 
.009 .004 .007 
.18 .18 -
5.42 5.6 5.6 
5.12 5.3 5.6 
2.44 1.8 2.0 
.69 .65 • 5 
- - -
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panels was machined square to the panel 
faces. 
(b) The panels were cleaned by pickling in a 
nitric/hydroflouric acid aqueous solution so 
that from 0.00002 to 0.0005 inch was removed 
from the metal surface. 
(c) The panels were handled with clean white 
cotton gloves and placed in clean poly-
ethylene bags. The bags were sealed until 
ready for welding. 
(d) The panels were removed from the bags (using 
clean gloves) and the edges to be welded 
were draw filed. The weldment details were 
then wiped with ethyl alcohol, as were the 
weld fixture and back-up and hold-down bars. 
This procedure ensures that no weld porosity or 
contamination resulting from the reaction of various 
salts, machine oils etc. with titanium, during the 
fusion process, will occur. 
Utilizing excess material from the procurred 
sheets, gas tungsten arc weld parameters were 
established for each material thickness. Figure 2 
shows the automatic gas tungsten arc welding 
equipment that was used. Arc length was maintained 










matically controlled. Table Ill illustrates the 
veld parameters used for each thickness. rwo 
36 x 5 x 0.060 inch, two 5 x 5 x 0.125 inch and two 
5 x 5 x 0.250 inch panels were gas tungsten arc 
welded using these parameters. The completed 
weldments consisted of one 36 x 10 x 0.060 inch, 
one 5 x 10 x 0.125 inch and 5 x 10 x 0.250 inch 
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panels. Ti-6Al-4V filler wire was used as described in 
reference (20). Argon shielding vas used during all 
welding to prevent air contamination of the veld. 
Electron beam welding parameters vere 
established in a similar way to the gas tungsten 
arc welding. Figure 3 shows the Sciaky Electron 
Beam 60 Kv welder that was used. Table IV 
illustrates the weld parameters used for each 
thickness. The same number of veldments vere 
fabricated by electron beam as for gas tungsten arc 
welding. 
3. Post Weld Inspection 
Post veld inspection was conducted in three 
phases; visual, dye penetrant and radiography. 
Visual inspection consisted of examining the weld for 
alignment, penetration, undercutting and weld bead 
discoloration, that would indicate air contamination. 
All of the welds were visually acceptable. Dye 
TABLB III 
GAS TUNGSTEN ARC WELDI1'4G .PAHAMET.EU.::i 
'fhickness Voltage Current Travel Elect- Heat 
* (ins t) {volts v) rode {Amps a) Speed Input 







12 105 10 0.625 4,640 
11.5 190 6 0.188 6,439 
12 230 5 
0.125 9,628 
14 190 5 
* Heat Input - av x 2.21 cals/cm2 
st 
ARGON GAS FLOWS {cth) 
Torch Shielding Backing Hold Down 
25 50 5 10 
Same for each thickness 
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Voltage Current Travel ;reed (volts-v) (amps-a) (ipm -
18.5xl03 75xlo-3 50 
24xl03 115xlo-3 50 
30xl03 150xlo-3 50 
* Heat Input = va x 2.21 cals/cm2 
st 
(1) 60KT Electron Beam Welder 







penetrant inspection was performed in the usual manner 
and all of the welds appeared acceptable. Hadiographic 
inspection revealed some areas of scattered porosity 
in the welds. The dimension of the pores as a ratio 
of the material thickness was such that the welds 
were acceptable. The maximum pore diameter that was 
considered acceptable was 0.007 inches, and the number 
of pores was less than that required to equal 6% of 
the cross-section. Three or more porosities 
distributed together in a line parallel to the 
longitudinal access of the weld werP. also considered 
unacceptable. However the panels were marked to show 
the pore locations so that tensile and metallographic 
specimens could be machined from the panels 
avoiding areas of porosity. 
4. Heat Treatment of Welded Panels 
The two 36 x 10 x 0.060 inch panels were machined 
into fourteen 5 x 10 inch pieces. These pieces 
together with the two 5 x 10 x 0.125 inch and two 
5 x 10 x 0.250 inch were heat treated to the 
requirements shown in Table V. Prior to heat 
treatment each panel was identified using the 
numbering system shown in Table V. Each par1el was 
pickled prior to heat treatment to remove from 























HEAT TREATME~T CONDITIONS 
Thick- Weld Heat-Treatment* ness Process 
.060" EB\11 1300°F - 4 hours - Air Cool 
.060" EBW 1400°F - 4 hours - Air Cool 
.060" EB\11 1400°F 
-
4 hours - Furnace Cool'f 
.060" EBW 1500°F - 4 hours - Air Cool 
.060" EBW 1500°F - 4 hours - Furnace Cool* 
.060" EBW 15000F 
-
16 hours - Air Cool 
.060" EBW No heat-treatment 
.125" EBW 1400°F - 4 hours 
-
Furnace Cool* 
.250" EBW 1400°F - 4 hours - Furnace Cool* 
.060" GTAW l)OOOF 
-
4 hours - Air Cool 
.060" GTAW 14000F - 4 hours - Air Cool 
.060" GTAW 14000F - 4 hours 
-
Furnace Cool~ 
.060" GTAW 1500°F - 4 hours - Air Cool 
.060" GTAW 1500°F - 4 hours 
-
Furnace Cool* 
.060" GTAW 1500°F - 16 hours - Air Cool 
.060" GTAW No heat-treatment 
.125" GTAW 1400°F - 4 hours - Furnace Cool'* 
.250" GTAW 14000F - 4 hours - Furnace Cool'* 
* Turco Pretreat prior to heat-treatment 
* Furnace cool to be at 50°F/hour to 1100°F and 
air cool from 1100°F to a.r. 
EBW = Electron Beam Welding 
GTAW = Gas Tungsten Arc Welding 
pickling and prior to heat treatment the panels were 
coated with Turco pretreat which retards oxidation 
during heat treatment. The panels were then handled 
with clean white cotton gloves until the completion of 
heat treatment. (Titanium will react with almost any 
organic matter, such as may be obtained from machining 
oils or fingerprints, during elevated temperature 
exposute and hence the reason for the precautions 
described.) Heat treatment was performed in a 
Lindberg type Muffle furnace. Temperature control was 
maintained within !l5°F and verified by strip chart 
recorder. 
5. Specimen Preparation 
The sixteen heat treated panels were chemically 
milled to remove 0.004 inches of material from each 
side. This was necessary so that the scale was 
removed. The reaction of air (0 2 ) with titanium 
during heat treatment not only produces the observable 
scale, but also forms an alpha-titanium case, 
(similar to a carburized case on steels). This alpha-
case is detrimental to ductility and elongation 
values less than 1% can be obtained. The depth of 
this case varies with temperature and time. 
Investigations conducted by Gruss ~nd Headley( 27 ) in 
November 1970 determined the depth of alpha-case in 
26 
Ti-6Al-6V-2Sn during simulated elevated temperature 
fabrication operations. The depth of case was 
determined by heat treating several tensile 
specimens and chemically milling to remove various 
amounts of material ranging from 0.00025 to 0.0025 
inches. The specimens were tensile tested and it 
was found that 0.0020 to 0.0025 inches of material 
had to be removed, following annealing heat 
treatments, before elongation values equivalent to 
the as-received properties could be obtained. With 
only 0.00025 inches removed values less than 5% 
compared to the values of 12% obtained with the 
alpha-case removed. After chemical milling, each 
10 x 5 inch panel was machined into three tensile 
and one metallographic specimen. The specimen 
dimensions and configurations are shown in Figure 4. 
A total of sixteen welded and heat treated panels, 
two panels welded but no heat treatment and three 
panels non-welded as shown in Table VI were machined. 
All weld reinforcement on each specimen was removed. 
6. Specimen Testing 
The sixty-three specimens described above were 
tensile tested at room temperature using a Wiedeman 
Baldwin machine. A strain rate of 0.005in/in/min to 






































1. ············ Weld Line 
2. J.aufSe Length 2" 
Figure 4. Specimen Configuration. 
2 8 
TABLE VI 
















W'eld Heat Treat No. of 




EB Ta.ble V 
Welded 









GTA = Gas Tungsten Arc 
















failure. Stress-strain curves were obtained, ultimate 
and yield strengths calculated and elongation in 2 
inches measured. 
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The twenty-one metallographic specimens were 
mounted and polished on the face shown in Figure 4, and 
then etched in an aqueous solution of hydroflouric and 
nitric acid. The specimens were then examined using 
regular bench microscopes and a Bausch and Long Metallo-
graph. Photomicrographs were obtained using Polaroid 
film and magnifications of 75X and 400X. 
B. Experimental aesults 
1. General Ubjectives 
The objective of this investigation was to evaluate 
the most suitable weld process and determine the most 
practical post weld heat treatment for fabricating 
Ti-6Al-6V-2Sn {Ti-662) weldments. The objective was to 
be accomplished by studying the effect of weld heat input, 
material thickness and post weld heat treatment on the 
microstructure and ductility of Ti-662. 
2. As-Received Metallography and Tensile 
Properties of Ti-662 
The Ti-662 titanium alloy was supplied in the 
annealed condition which consists of heat treating from 
1350 to 1550°F. Table VII illustrates the properties 
of the as-received material obtained for each thickness 
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TABLE VII 
NON WELDED TENSILE .PlWPEiHIES 
Specimen Thick- Ultimate Yield Elongation 
No. ness Tensile Tensile in 2ins % 
(ins) Strength Strength 
(KSI) (KSI) 
10 - 1 .060 165 157.3 15 
10 - 2 .060 162.5 154.8 14 
10 - 3 .060 170 163 14 
ATe rage 165.8 158.4 14.3 
11 
- 1 .125 156 152 12.5 
11 
- 2 .125 153 151 12.5 
11 - 3 .125 153 151 12.5 
ATe rage 154 151 12.5 
12 - 1 .250 158.6 154.5 13 
12 - 2 .250 161.3 152 14 
12 - 3 .250 160.2 151.1 14 
ATe rage 160 \ 152.5 13.7 
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of 0.060, 0.125 and 0.250 inches. Figure 5 shows 
typical load/elongation curves that correspond to the 
tabulated properties. The properties were above the 
minimum guaranteed by the supplier of 150,000psi. 
ultimate strength, 140,000psi. yield strength and 10% 
elongation. Ti-662 sheet is produced by hot forging in 
the alpha plus beta phase field of 1550 to 1725°F. The 
as-forged material exhibits a microstructure of primary 
alpha in a matrix of trausformed beta. The forged stock 
is rolled into sheet or plate and then annealed. The 
combination of rolling and annealing heat treatments 
results in microstructures containing equi-axed alpha 
with beta in the alpha grain boundaries. Figure 6, A 
and B (0,060" and 0.125") from the as-received material 
exhibit these structures. l',igure 6C (0.250") shows a 
structure relatively unchanged from the as-forged 
structure although finer in both equi-axed alpha and 
transformed beta matrix. The fabrication of the 0.250 
inch material involved a smaller reduction than the 
0.060 or 0.125 inch from the forged section size, and 
therefore the structure has not significantly changed. 
3. As-Welded Metallography and Tensile 
Properties of Ti-662 
Gas tungsten arc (GTA) and electron beam (EB) 












ro 8 0 
~ 
~longation-ins.(l Division = .016") 
Figure 5. Non-Welded Load/Elongation CurTes. 
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A 
0.060 ins. thick 
MAG. 250X 
8 
0 .125 ins . thick 
MAG. 250X 
c 
0 . 250 ins. thick 
MAG. 250X 
Figure 6. Non-Welded As Rece ived Microstructures. 
condition. Table VIII illustrates the tensile 
properties obtained and Figure 7 shows typical load/ 
elongation curves that correspond to these tabulated 
values. The properties of both the GfA and BB 
welded specimens compared with the as-received 
material, discussed in section 2, indicates that 
welding has little or no effect on the yield and 
ultimate strength. However a drastic reduction in 
elongation is observed. The elongation is reduced 
from 14% with the as-received to 2% for the GTA 
welded specimens. The EB welded specimens show a 
similar reduction although not as severe as the GTA 
welded values. This may be due to the reduced weld 
heat input of 1,017 cals/cm2 for the EB welds 
compared with 4,640 cals/cm2 for the GTA welded 
as shown in Tables III and IV. 
The microstructures of as-welded Ti-662 are 
presented in Figures 8 and 9. The SX microstructures 
illustrate the reduced heat affected zone size of the 
EB compared to the GTA weldments. The parent zone is 
shown for comparison and of course is unaffected from 
the as-received microstructures. The fusion zone shows 
a very coar~e transformed beta microstructure which 
transitions through the heat affected zone to the 
parent zone structure of equi-axed alpha with beta in 
35 
TABLE VIII 
AS WELDED TENSILE PlW.PERTIES 
Specimen Weld Failure Ultimate Yield 





7G - 1 GTAW* T.W. 171.0 161 
- 2 " " 164 152 
-
) II II 165 157 
Average 166.7 156.7 
7E - 1 EBW* T.W. 166.2 154 
-
2 II II 161 151 
-
3 II II 163 151 
Average 163.4 152 
* GTAW = Gas Tungsten Arc Welded 
EBW = Electron Beam Welded 





























Elongation-ins.(l Division = .016") 






MAG . ?X 
Fusion Zone 
MAG. 400X 




MAG . 400X 
,/eldment 




MAG . 400X 
Figure 9. Specimen 7E, Electron Beam As Welded 
Microstructures . 
39 
the grain bound~ries. There is very little 
observable difference between the GTA and EB welded 
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fusion zone structures. However the transformed beta 
structure appears finer for the EB compared to the 
GTA fusion zone. 
4. Effect of Post Weld Heat Treatment on the 
Metallography and Tensile ~roperties of GTA 
Welds, 0.060 inches thick 
The tensile properties of GTA welded specimens 
which had been post weld heat treated at various times 
and temperatures is shown in Table IX. figures 10 
and 11 illustrate typical load/elongation curves that 
correspond to these tabulated values. The ultimate 
tensile strength of the as-received material remained 
relatively unaffected by the various post weld heat 
treatments. The only exception was with specimens 
heat treated at l500°F for 16 hours and air cooled. 
The ultimate tensile strength decreased to 122,000psi. 
A comparison of ultimate strength at the various heat 
treatments is shown in Figures 12 and 13. The 
as-received tensile yield strength was reduced by 
heat treatments that involved air cooling, which 
indicates that a certain degree of solution treatment 
had occurred. The severity of the reduction was 
notably increased with increasing temperature as shown 
TABLE IX 






































Post Weld Ultimate Yield Elong-
Heat-Treat Tensile Tensile ation 
Strength Strength in 
(KSI) (KSI) 2 in 
13000F - 4 158 150 8.0 
Hours - 159 150 6.0 
Air Cool 159 151 6.5 
158.7 150.3 6.8 
1400°F - 4 155 148 5.5 
Hours - 155 147 5. 0 
Air Cool 155 149 7.0 
155 148 5.8 
14000F - 4 160 149.5 8.5 
Hours - 160 150 8.5 
Furnace 162 150 9.0 
Cool 160.7 149.8 8.7 
15000F - 4 164 83 7.0 
Hours 
-
160 81 6.0 
Air Cool 148 86.5 3.0 
157.3 83.5 5.3 
1500°F - 4 158 146 8.0 
Hours - 155 144 6.0 
Furnace 156 145 8.0 
Cool 156.3 145 7.3 
15000F - 130 101 2.0 
16 Hours - 124 94 2.5 
Air Cool 113 85 2.0 
122.3 93.3 2.2 
GTA - Gas Tungsten Arc 
* Specimen Thickness 0.060" 
PM = Parent Metal 
EW = Edge of Weld 
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1G 2G 4G 6G 
Figure 12. Ultimate Strength Comparison of GT.A 
Welded Specimens, Air Cooled after 



































25~----~--------~--~----~--~----~ 1G 3G 5G 
Figure 13. Ultimate Strength Comparison of GTA 
Welded Specimens Furnace Cooled after 
Post Weld Heat Treatment. 
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in F~gures 14 and 15 which compares yield strength 
at the various heat treatments. It can be noticed 
from the tabulated results that the location of the 
tensile failures was predominately in the parent 
zone for the air cooled specimer1s and through ~he 
weld for the furnace cooled. Correlating the failure 
location to the tensile properties indicates tha~ the 
weld joint is not a ~actor in the reduced yield 
strength observed. As discussed in paragraph 3 the 
as-welded properties exhibited elongation values as 
low ~s 2% and the purpose of the heat treatments were 
to increase this value to a more acceptable level 
without drastic~lly a~tering the strength values. 
The effect of the post weld heat treatments on the 
ductility was shown in Table IX together with the 
other tensi!e properties. Figure 16 shows a 
comparison of elongation with the various heat 
~reatments. It is very apparent from this figure and 
the preceeding discussion that specimen JG heat 
0 treated at 1400 F for 4 hours and furnace cooled 
gives the best combination of strength and ductility. 
All of the heat treated specimens were ~etallo-
graphic~lly examined in an attempt to correlate the 
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Figure 14. Yield Strength Comparison of GTA 
Welded Specimens, Air Cooled after 
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Figure 15. Yield Strength Comparison of GTA 
Welded Specimens, Furnace Cooled 
after Post Weld Heat Treatment. 
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Figure 16. Elongation Comparison of GTA Welded 
and Post Weld Heat Treated Specimens. 
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Figure 17 illustrates the microstructure 
obtained on specimen lG, post weld heat treated at 
0 1300 F for 4 hours and air cooled. The figure 
contains a macrostructure of the weldment and micro-
structure of the heat affected, fusion and parent 
metal zones. The parent zone microstructure exhibits 
a fine equi-axed alpha grain size with beta in the 
grain boundaries. The microstructure transitions 
rapidly through the heat affected zone to a coarse 
transformed beta structure in the fusion zone. The 
accicular structure of the transformed beta appears 
finer than in the as-welded condition although a 
slight increase in alpha plate size is also observ-
able. This slight change in structure may explain 
the increase in ductility from the as-welded 
properties. The large grain size is due to the 
prior beta grain size formed during the welding 
operation. The transformed beta may also be 
referred to as accicular alpha. 
Figure 18 illustrates the microstructures 
obtained on specimen 2G, post weld heat treated at 
1400°F for 4 hours and air cooled. The parent zone 
shows a slight change from the as-annealed structure. 
There is evidence of some solutioning, in that less 
beta has precipitated at the alpha grain boundaries, 
50 
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Figure 18. Specimen 2G, GTA Welded and Post Weld 
Heat Treated. 
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as shown by the light areas which indicate fine 
alpha-prime. The faster-than-equilibrium cooling 
rate results in the M transformation being 
s 
encountered such that an increased amount of beta 
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transforms as alpha prime rather than being 
precipitated at the alpha grain boundaries. Similarly 
to specimen lG, there is a rapid transition through 
the heat affected zone to the fusion zone structure 
which shows partial solutioning as shown by the 
fine accicular structure. The heat treatment was 
intended to alleviate the transformation effects, 
from welding, by approaching equilibrium compositions 
and quantities of the alpha and beta phases. The 
coarsening of the alpha plates is evidence of the 
fusion zone structure tending to reach equilibrium 
composition. This specimen failed in the parent zone 
at slightly lower property levels than specimen lG 
and lower than the as-received properties which 
correlates with the effect of partial solutioning 
discussed earlier. 
Figure 19 illustrates the microstructures 
obtained on specimen 3G, post weld heat treated at 
1400°F for 4 hours and furnace cooled. The parent 
zone unlike specimen 2G shows relatively no 
indications of solutioning and exhibits a micro-















MAG . 5X 
Figure 19 . Specimen 3G, GTA We lded and Post Weld 
Heat Treated. 
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structure of fine equi-axed alpha with beta in the 
grain boundaries. The fusion zone exhibits a growth 
in alpha plate size compared to the as-welded 
structure. In correlating the microstructure to the 
tensile properties it can be seen that specimen 
failure occurred in the weld at close to 100% of the 
as-receiven material strength. Elongation was 
increased from 2~ in the as-welded condition to 
nearly 9%. 
Figure 20 illustrates the microstructure 
obtained with specimen 4G, post weld heat treated at 
1500°F for 4 hours and air cooled. The parent zone 
structure is similar to specimen 2G except that the 
beta grain boundaries are not so thick indicating a 
larger amount of beta transformed as alpha prime. 
The tensile specimen failure was in the parent zone 
at a yield strength characteristic of solution heat 
treated properties, indicating good correlation 
between microstructure and properties. The fusion 
zone shows substantial solutioning attained compared 
to specimen 2G. 
Figure 21 illustrates the microstructure 
obtained on specimen 5G, post weld heat treated at 
1500°F for 4 hours and furnace cooled. The micro-
structures are very similar to those obtained with 
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Figure 21. Specimen 5G, GTA Welded a nd Post Weld 
Heat Tr eated. 
specimen )G. The parent zone appears identical. 
However, the fusion zone shows a larger alpha plate 
size and a thickening of the alpha grain boundaries. 
This structural variation may account for the 
slightly lower strength and elongation values of the 
through the weld failure, compared to specimen )G 
properties. 
Figure 22 illustrates the microstructure 
obtained on specimen 6G, post weld heat treated at 
l500°F for 16 hours and air cooled. The parent zone 
again shows a solution heat treated microstructure 
similar to specimen 4G. The tensile specimen failures 
were in the parent zone at yield strengths similar to 
specimen 4G. However the ultimate strength was 
severely reduced compared to any of the previous 
specimens lG through 5G. 0 The long time at 1500 F, 
which is close to the solution heat treatment 
temperature, enabled an increased amount of beta to 
be taken into solution which then transforms to a 
primary alpha matrix. The increased amount of 
transformation products probably accounts for the 
reduction in ultimate strength and the reduced 
ductility. The phenomena of a large spread between 
ultimate and yield strength and corresponding low 
ductility in specimens 6G and 4G can be explained by 
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Figure 22. Specimen 6G, GTA We lded and Pos t Weld 
Heat Treated . 
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the partially solution treated structure. If Figures 
10 and 11, shown at the beginning of this section, are 
compared, the partially solution treated specimens 
show a reduction in modulus and change in curve shape 
compared to the typical annealed curves. The weld 
zone in specimen 6G shows partial solution treatment 
sililar to 4G. In comparison to the annealed 
specimen, 5G, where growth in alpha plates is 
observed, specimens 4 and 6G show partial solutioning 
and a coarsening of the transformation products. 
In correlating microstructure with tensile 
properties and failure locations it appears that 
either 1400°F and 1500°F for 4 hours and furnace 
cooled offer the most suitable structure. This is 
based on the growth of alpha plate size in the weld 
and hence the distribution of alpha and beta phases 
in the weld. The 1500°F treatment exhibited grain 
boundary thickening and a corresponding drop in 
ductility. Therefore it may be stated that the most 
suitable heat treatment in terms of desired weld phase 
distribution and parent zone structure compared to 
tensile strength and ductility is 1400°F for 4 hours 
and furnace cooled (as shown by specimen 3G). 
5. Effect of Post Weld Heat Treatment on the 
Metallography and Tensile Properties ot EB 
Welda, 0.060 inches Thick 
The tensile properties of EB welded specimens 
which had been post weld heat treated are shown in 
Table X. Figures 23 and 24 illustrate typical load/ 
elongation curves that correspond to these tabulated 
values. The ultimate tensile strength of the as-
received material remains relatively unaffected by 
the various post weld heat treatments. The only 
0 
exception was with specimens heat treated at 1500 F 
for 16 hours and air cooled where the strength 
decreased to about 90,000psi. The ultimate strength 
61 
results are very similar to those achieved for the GTA 
welds discussed in section 4. A comparison of 
ultimate strength at the various heat treatments is 
shown in Figures 25 and 26. The as-received tensile 
yield strength was reduced by air cooling heat treat-
ments which indicated that partial solution treatment 
had occurred. The severity of the reduction vas 
noticeably increased with increasing temperature aa 
shown in Figures 27 and 28. It can be noticed froa 
the tabulated results that the location of the 
tenaile failures, like the GTA specimens vas 
predominately in the parent zone tor the air cooled 
TABLE X 
POST (EB) WELD HEAT-TH.EAT LD TEN.Sl LE PH.UJ>E!(l' IES 
Speci- llost Weld 
men* Heat-Treat 
No. 




3 Air Cool 
ATe rage 
2E - 2+ 1400°F - 4 
Hours -
Air Cool 







4E - 1+ 1500°F - 4 
Hours -
Air Cool 






6E - 3+ 1500°F - IE 
Hours -
.Air Cool 
EB - Electron Beam 
EW - Edge of Weld 



















Yield Elong- Failure 
Tensile ation Location 
.Strength in 
(KSI) 2 in % 
145 6.0 EV 
149 7.0 EV 
146 8.0 EW 
146.7 7.0 EW 
144 8.0 EV 
151 11.0 EW 
150 9.0 EW 
150 7.0 .PM 
150.3 9.0 EV 
107 7.0 PM 
145 6.5 EW 
145 6.5 TV 
145 6.5 'l'W 
61.5 0 PM 
TW - Through the Weld 
* Specimen Thickness 0.060" 
+ (Specimens results not 
a..-ailable as specimens 












ro 2 0 
~ 
0._------~---------L--------~------~ Elongation-ins.(l Division = .016") 













Elongation-ins.(l Division = .016") 

















>< 100 r-1 r-1 r4 
tl.l 0 0 0 
tl.l 0 0 0 
Q) 0 0 0 ....... ··~ 
~ ~ ~ +' ~ 
1::/l ·r-1 •r-l •r-l ~ < ~ 
75 tl.l 
tl.l tl.l U) ~ 
~ f....i H ;::s 
;::s ~ ;::s 0 
0 0 0 pj 
::r:: ::r:: ::r:: 
\.0 
..q- ..q- ..q- ~ 
50 I lrl 0 
f%. f%. f%. f%.0 
0 0 0 0 ~ 
0 0 0 0 
0 0 0 0 f....i 
['<'\ ..q- l..C\ l..C\ •r-l 
rl r-1 ~ ~~ 
25 : 
1 E 2E 4E 6E 
Figure 25. Ultimate Strength Comparison of EB 
Welded Specimens, Air Cooled after 
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Figure 26. Ultimate Strength Comparison ot EB 
Welded Specimens Furnace Cooled atter 
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Figure 27. Yield Strength Comparison of EB 
Welded Specimens Air Cooled a.fter 
Post Weld Hea.t Treatment. 
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Figure 28. Yield Strength Comparison of EB 
Welded Specimens Furnace Cooled after 
Post Weld Heat Treatment. 
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and through the weld for the furnace cooled. 
Correlating the failure location to the tensile 
properties indicated that the reduced yield strength 
is a function of the heat treatment not of the weld 
process. As discussed with the GTA welds, the 
objective of the program was to obtain the optimum 
combination of strength and ductility from the 
weldments, and Figure 29 compares the elongation of 
EB welds post weld heat treated. In comparison with 
the elongation values of the GTA welds it can be 
seen that the initial elongation (as-welded) values 
are higher. However, the heat treated are very 
similar and the same conclusions from these results 
can be made as with the GTA weld results. The post 
weld heat treatment of 1400°F for 4 hours and 
furnace cooled appears to give the best combination 
of strength and ductility. It would also appear 
that electron beam welding offers no property 
advantage over gas tungsten arc welding in the 
0.060 inch material thickness, even though less 
weld heat input is involved. 
The heat treated specimens were metallo-
gr&phically examined in an attempt to correlate 
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the changes in tensile properties with microstructure. 
Figure 30 illustrates the microstructures obtained on 
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Figure )0. Specimen lE, EB We lded and Post Weld 
Heat Treated. 
specimen lE, post weld heat treated at 1300°F for 
4 hours and air cooled. The macrostructure of the 
weldment illustrates the small weld size resulting 
from EB welding compared to the previously observed 
size resulting from GTA welding. The microstructure 
of the parent zone exhibits a fine equi-axed alpha 
grain size with beta in the grain boundaries. The 
microstructure transitions very rapidly through the 
heat affected zone to a fine transformed beta 
structure with large prior beta grain size visible 
in the fusion zone. The fine transformation products 
compared to the coarser as-welded fusion structure 
may explain the associated increase in elongation. 
Figure 31 illustrates the microstructure 
obtained on specimen 2E, post weld heat treated at 
1400°F for 4 hours and air cooled. The parent zone 
shows a slight change from the as-received structure. 
There is some evidence of solutioning due to 
insufficient time in air cooling for all of the 
beta in solution to precipitate at the grain 
boundaries. Instead it transforms to alpha prime 
as the M point is encountered. 
s 
The fusion zone 
shows less solutioning in the weld compared to the 
GTA sample and shows little change from lE except for 






















Figure 31. Spec i men 2E, EB Welded and Post 
Weld Heat Treated. 
2% greater elongation exhibited by the EB compared 
to the GTA welds heat treated at these conditions. 
The heat affected zone, characteristic of EB welding, 
is very small and there is a very rapid transition 
from parent to fusion zone. 
Figure 32 illustrates the microstructures 
obtained on specimen 3E, post weld heat treated at 
1400°F for 4 hours and furnace cooled. The structure 
of the parent zone is similar to specimen 3G, showing 
no indication of solutioning and exhibiting a 
microstructure of fine equi-axed alpha with beta in 
the grain boundaries. The fusion zone is also 
similar to 2E except that more alpha plate growth is 
observed. Specimens 2E and 3E are very similar in 
microstructure, with specimen JE approaching the most 
desirable structure. This correlates well with the 
tensile properties, because specimen 2E shows slightly 
less ultimate and yield strength and elongation 
values compared to 3E. The difference, however 
is small. In reviewing specimen 3E tensile results 
it can be seen that close to 100% of the annealed as-
received strength was achieved and the as-welded 
elongation increased to 8%. 
Figure 33 illustrates the microstructure 
obtained with specimen 4E, post weld heat treated at 
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Parent Zone : MAG . 400X 
. 
Neldment MAJ. . 5X 
Fusion z one MAG . 400X 
Pigure 32. Specimen JE, EB Welded a nd Post 
Weld Heat Treated . 
75 
Parent Zone 
Figure 33. Specimen 4E, EB Welded and Post 
Weld Heat Treated. 
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1500°F for 4 hours and air cooled. The parent zone 
exhibits partial solutioning and careful observation 
of the matrix shows the primary alpha discussed 
previously. The microstructure is identical to that 
observed in specimen 4G and the associated failure 
strengths and elongation values are very similar. 
The fusion zone of specimen 4E like 4G exhibits 
substantial solutioning and some evidence of 
structural change by the formation of large areas of 
alpha. 
Figure 34 illustrates the microstructure 
obtained with specimen 5E, post weld heat treated at 
1500°F for 4 hours and furnace cooled. The micro-
structure of 5E is similar to JE with an increase in 
equi-axed alpha grain size in the parent zone. The 
fusion zone like specimen 5G exhibits large alpha 
plate size with very thick alpha grain boundaries. 
The through the weld failure at lower strength and 
elongation values compared to specimen 3E may be 
explained by this structural variation. 
Figure 35 illustrates the microstructures 
77 
obtained from specimen 6E, post weld heat treated at 
1500°F for 16 hours and air cooled. The parent zone 
like specimens 4E, 4G and 6G exhibits substantial 
solutioning. The fusion zone also exhibits substantial 
78 
Parent Zone : lViAG. 400X 
.vel dmen t MAG. 5X 
Figure 34. Specimen 5E, EB Welded and Post 
Weld Heat Treated. 









Figure 35. Specimen 6E, EB Welded and Post 
Weld Heat Treated. 
79 
solutioning showing very coarse transformation 
products. This specimen failed through the parent 
zone at close to zero elongation as would be expected 
due to the described structure. The specimen like 
6G also exhibits very low ultimate tensile strength 
which may be explained by the non-equilibrium parent 
zone structure. 
In summarizing the metallographic study of the 
EB welds it is apparent that the most desirable 
structure was observed with specimen 2E and 3E. In 
correlating the microstructure with failure location 
and tensile properties the 3E specimen gave the 
greatest strength and elongation. Therefore, like 
the paragraph concluding the GTA section, it may be 
stated that the most desirable post EB weld heat 
treatment in terms of phase distribution, parent 
zone structure, tensile strength and elongation 
properties is 1400°F for 4 hours and furnace cooled, 
(as shown by specimen 3E). 
6. Effect of Material Thickness on the Metallo-
graphY and Tensile Properties of Post Weld 
Heat Treated Ti-662 
Utilizing the established heat treatment of 
1400°F for 4 hours and furnace cooled, 1/8 and 1/4 
inch thick GTA and EB welded specimens were heat 
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treated and then tensile tested. The tensile test 
results are shown in Tables XI and XII. Figures 36 
and 37 illustrate typical load/elongation curves that 
correspond to these tabulated values. The ultimate 
tensile strength and yield tensile strength were 
about 95% of the as-received values as shown in 
Figures 38 through 41. .The elongation values of the 
GTA welded 1/8 and 1/4 inch thick specimens were 
very similar to the values obtained with the 0.060 
inch thick and heat treated to the same condition. 
(e.g. specimen 3G) The EB welded specimens, having 
substantially less weld heat input compared to the 
GTA welds at 1/8 and 1/4 inch thickness, exhibited 
elongation values approaching the as-received 
Talues. This being 2 to 3% higher elongation than 
with the 0.060 inch specimen 3E. Figure 42 compares 
the elongation values obtained for both thicknesses 
and weld processes. 
Figure 43 illustrates the microstructures 
obtained on specimen 8G, 1/8 inch thick, GTA welded 
0 a~d post weld heat treated at 1400 F for 4 hours and 
furnace cooled. The parent zone exhibits a fine 
equi-axed alpha grain size with beta in the grain 
boundaries. The fusion zone shows an accicular 
structure almost identical to that obtained for 
81' 
TABLE XI 








9G - 2+ 
- 3 
ATe rage 
Post Weld Ultimate Yield Elong-
Heat-Treat Tensile Tensile ation 
Strength Strength in 
(KSI) (KSI) 2 in 
1400°F - 4 145 139 7.5 
Hours - 146 140 8.0 
Furnace 146 140 10.0 
Cool 
145.7 139.7 8.5 
Specimen Thickness 0.125" 
1400°P - 4 154 143 10.0 
Hours - 153 146 10.0 
Furnace 
Cool 
153.5 144.5 10.0 
Specimen Thickness 0.250" 
GTA = Gas Tungsten Arc 











+ - Specimen missing due to machining damage 
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TABLE XII 
















Post Weld Ultimate Yield Elong-
Heat-Treat Tensile Tensile ation 
Strength Strength in 
(KSI) (KSI) 2 in 
1400°F - 4 145 
-
11.5 
Hours - 144 135 10.0 
Furnace 144 136 9.5 
Cool 
144.7 135.5 10.7 
Specimen Thickness 0.125" 
1400°F - 4 152 142 13.0 
Hours - 152 141 12.0 
Furnace 151 138 11.0 
Cool 
152 140.7 12.0 
Specimen Thickness 0.250" 
EB = Electron Beam 
PM = Parent Hetal 
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Figure 36. Load/Elongation Curves for Post {GTA) 
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Figure 37. Load/Elongation CurTes tor Post (EB) 
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Figure 39. Ultimate Strength Comparison of Ell 
Welded Specimens after Post Weld 
Heat Treatment. 
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Figure 40. Yield Strength Comparison of GTA 
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Figure 41. Yield Strength Comparison of EB 
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Comparison of GTA and EB 
Post Weld Heat Treated 
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Figure 43. Specimen 8G, GTA We lded and Post 
Weld Heat Treated. 
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specimen 3G. 
Figure 44 illustrates the microstructures for 
specimen 9G, 1/4 inch thick, GTA welded and post weld 
heat treated at 1400°F for 4 hours and furnace cooled. 
The parent zone exhibits equi-axed primary alpha in 
a transformed beta matrix indicating the material 
was fabricated in the alpha+beta field (as 
discussed in section 2). The fusion zone exhibits 
a microstructure of transformation products with 
some growth of the alpha plate size, due to heat 
treatment. The structure is similar to that for 
8G and 3G with similar corresponding tensile 
properties. 
Figure 45 illustrates the microstructure 
obtained on specimen BE, 1/8 inch thick, EB welded 
0 
and post weld heat treated at 1400 F for 4 hours and 
furnace cooled. The parent zone structure is similar 
to specimen 8G. The fusion zone exhibits a finer 
accicular structure than 8G and with more alpha 
plate growth. The appearance indicates greater 
homogenization and is substantiated by the higher 
elongation values. 
Figure 46 illustrates the microstructure 
obtained on specimen 9E, 1/4 inch thick, EB welded 
0 
and post weld heat treated at 1400 F for 4 hours and 
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Figure 44. Specimen 9G, GTA Welded and Post 
Weld Heat Treated. 
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Figure 45. Specimen 8E, EB \fe lded a nd Post 
Weld Heat Treated. 
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Figure 46. Specimen 9E, EB Weld ed and Post 
Weld Heat Treated. 
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furnace cooled. Again the parent zone is similar to 
the corresponding GTA welded specimen 9G showing an 
extremely fine transformed structure with an even 
distribution of phases in the fusion zone. The parent 
zone exhibits equi-axed alpha in a transformed beta 
matrix similar to specimen 8E. 
In summarizing the discussion on effect of weld 
process and section size it is very apparent that the 
thickest material combined with the lowest weld heat 
input offered by EB welding, results in the most 
desirable combination of properties and structure. 
It would therefore appear that increased cooling rate 
during welding that occurs with this combination 
prevents the formation of coarse transformation 
products. This factor combined with the slower 
cooling rate from furnace cooling, following 
annealing, results in the most homogenous structure. 
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IV. CONCLUSION 
A. Effect of Post Weld Heat Treatment, Material 
Thickness and Weld Heat Input on the Tensile 
Properties of Ti-662 Titanium 
The as-welded tensile properties of Ti-662 
titanium alloy were shown to be greatly affected by 
various post weld heat treatments. Post weld heat 
treatments were conducted at temperatures in the 
annealing range of 1300°F to 1500°F ultilizing 
both air and furnace cooling. The effect of 
material thickness, ranging from 0.060 inches to 
0.250 inches, on the weld properties was studied. 
The effect of weld heat input was also studied by 
comparing the post weld heat treated properties of 
both gas tungsten arc and electron beam welded 
material. Heat input from gas tungsten arc welding 
was greater than from electron beam welding by an 
approximate ratio of 4:1. 
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The tensile properties revealed that heat 
treatments involving air cooling resulted in yield 
strengths lower than the as-received properties. The 
effect was considerably increased as the heat 
treatment temperature was increased, and at 1500°F 
for 4 hours followed by air cooling the yield 
strength was reduced from the 150,000psi., as-received 
property, to as low as 90.000psi. The failure 
location on all of the air cooled specimens was 
predominately in the parent zone indicating that the 
weld fusion process was not a factor in these low 
strengths. The tensile properties of heat treated 
material that involved furnace cooling exhibited 
ultimate and yield strengths approximately 95 - 100% 
of the as-received properties. The elongation values 
of the furnace cooled material was 7 - 12%, 
depending on material thickness and weld heat input, 
and compared favourably with the as-welded elongation 
of about 2 - 5%. 
Material thickness, in the range investigated, 
has very little effect on strength properties, 
however, with elongation it was observed that 
increasing thickness gave greater ductility. For 
example, the elongation varies from 7 - 9% for 0.060 
inches, 9 - 11% for 0.125 inches and 10 - 12% for 
0.250 inches thickness. The higher elongation values 
observed for each thickness resulted from material 
electron beam welded indicating an association of 
elongation with weld heat input. 
It may be concluded that the most suitable 
combination of tensile strength and elongation was 
achieved with the lowest weld heat input, thicker 
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material and furnace cooling following post weld heat 
treatment. The most suitable heat treatment in terms 
of tensile properties was found to be 1400°F for 4 
hours and furnace cooled. 
B. Effect of Post Weld Heat Treatment, Material 
Thickness and ~eld Heat Input on the 
Microstructure of Ti-662 Titanium 
The objective of the investigation was to study 
the effect of material thickness, weld heat input and 
post weld heat treatment on the tensile properties 
and microstructure of Ti-662 titanium alloy weldments 
and to obtain a practical weld process/thermal 
treatment cycle. It was intended to correlate the 
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microstructure with the tensile properties and support 
the conclusions resulting from the tensile 
evaluations. 
The microstructure of as-weldeu Ti-662 may be 
discussed by considering two distinct regions i.e. 
the fusion zone and parent zone (area unaffected by 
the weld process). The parent zone in the 0.060 and 
0.125 inch thick material exhibits a structure of 
equi-axed alpha with beta in the grain boundaries. 
The microstructure transitions rapidly through the 
heat affected zone to a coarse transformed beta 
structure in the fusion zone. The electron beam 
fusion zone exhibited a finer structure than the gas 
tungsten arc fusion zones. The parent and fusion 
zone microstructures of material that was air cooled 
following post weld heat treatment all exhibited 
some evidence of solution treatment. The degree of 
solution treatment increasing with increasing heat 
treatment temperature. .The parent zone structure 
exhibited less beta precipitated at the alpha grain 
boundaries. The air cooling results in the M 
s 
transformation being encountered such that an 
increased amount of beta transforms as alpha prime 
rather than being precipitated at the alpha grain 
boundaries. The fusion zone shows coarse 
transformation products acicular in nature. These 
microstructures correlate well with the discussed 
tensile properties and the failure locations. 
The microstructure of material thdt was furnace 
cooled following post weld heat treatment showed no 
evidence of solution treatment. The parent zone in 
all cases exhibited equi-axed alpha with beta in 
the grain boundaries. The fusion zone exhibited 
coarse transformed beta in the as-welded condition, 
however as the heat treatment temperature was 
0 increased above 1300 F alpha plate growth was 
observed. The alpha plate growth is essential to 
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alleviating the transformation effects, from welding, 
by approaching equilibrium compositions and 
quantities of the alpha and beta phases. 
The 0.250 inch thick material exhibited parent 
zone structures of equi-axed primary alpha in a 
transformed beta matrix, indicating the material was 
fabricated in the alpha+beta phase field. The 
fusion zones were similar to that observed with 
0.060 and 0.125 inch thick material. The 
transformation products were considerably less coarse 
than with the thinner material. This was probably 
due to the increased cooling rate during welding 
that prevents the formation of coarse transformation 
products. 
The most suitable parent and fusion micro-
structures were observed with material post weld 
0 heat treated at 1400 F for 4 hours and furnace 
cooled. This was observed for both electron beam 
and gas tungsten arc welded material and for all 
material thicknesses. This correlates exactly with 
the most suitable tensile properties discussed 
previously. 
C. General Conclusions 
Post weld heat treatments involved both air and 
furnace cooling from temperatures as high as 1550°F. 
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Full solution and aging heat treatments were considered. 
However, the application of this material to airframe 
parts results in solution heat treatment being 
inpractical because distortion would occur due to the 
water quenching involved. 
In summarizing the conclusions the following 
observations were made: Post weld heat treatments 
involving air cooling resulted in partial solution 
treatment and yield strengths as low as 50% of the 
as-received properties. Elongation values were also 
lower than those achieved from heat treatments 
involving furnace cooling. The effect was 
considerably increased with increasing heat treatment 
temperature. Although aging heat treatments following 
air cooling would restore the yield strength it is 
unlikely that elongation would be increased. The most 
practical post weld heat treatment of 1400°F for 4 
hours and furnace cool resulted in strengths that were 
95-100% of the as-received properties. Elongation 
values increased from as low as 2% in the as-welded 
condition to 7-12% following this post weld heat 
treatment. The microstructures revealed a fusion zone 
with considerable alpha plate growth compared with the 
typical as-welded coarse transformed beta and approaches 
equilibrium composition and quantities of the alpha 
1 0 3 
and beta phases. 
Increasing material thickness and decreasing weld 
heat input had little effect on tensile strength, 
however ductility was increased by 2-3 elongation %. 
BIBLIOGRAPHY 
(1) Ogden, H.R. and Holden, F.C., "Metallography 
of Titanium Alloys", Titanium Metallurgical 
Laboratory Report 103, Battelle Memorial 
Institute, 29 May 1958. 
(2) Seagle, S.R. and Bartlo, L.J., "Physical 
Metallurgy and Metallography of Titanium", 
Technical Paper W8-8.1, American Society 
of Metals, March 1968. 
104 
{3) Clark, H.T. and Manfre, J.A., "Basic Metallurgy 
of Titanium", Paper C7252205, Crucible Steel 
Company of America, 4 January 1968. 
(4) Maykuth, D.J., "Residual Stresses, Stress Relief 
and Annealing of Titanium and Titanium 
Alloys", Defense Metals Information Center 
Report S-23, Battelle Memorial Institute, 
1 July 1968. 
(5) Air Force Material Laboratory, "Aircraft 
Designer's Handbook For Titanium and 
Titanium Alloys", Technical Report 
AFML-TR-67-142, Battelle Memorial Institute, 
March 1967. 
{6) Hall, J.A. and .Pierce, C.M., "Effect of Micro-
structure on the Properties of Ti-6Al-6V-2Sn", 
Air Force Materials Laboratory Report 1968. 
(7) Hickey, Jr. C.F., "Effect of Microstructure and 
Cooling Rate on the Mechanical Properties of 
Ti-6Al-6V-2Sn", Journal of Materials, Vol.l. 
No.1. p.89, March 1966. 
(8) McAllister, R.C. "The Heat Treated Properties 
of Ti-6Al-6V-2Sn Sheet and Plate", Case Study 
8-19, Titanium Metals Corporation of America, 
July 1966. 
(9) Fopiano, P.J. and Hickey, Jr. C.F., "Strength-
ening Mechanisms During the Heat Treatment 
of Three Titanium Alloys - Ti-6Al-4V, 
Ti-6Al-6V-2Sn and Ti-8Al-1Mo-1V", Metals 
Laboratory Report TR68-13, Army Materials and 
Mechanics Research Center, June 1968. 
105 
(10) Molinier, R., Moulin, J. and Syre, R., "A ~tudy 
of the Metallurgical Characteristics of 
Ti-6Al-6V-2Sn Alloy", Paper presented at a 
Symposium held in London and published in a 
book by Jaffee, R.I., and Promisel, N.E., 
"The Science, Technology and Application of 
Titanium", Pergamon .Press, 1970. 
(11) Mitchell, D.R., "Welding Evaluation of 
Ti-6Al-2Sn-4Zr-2Mo ~heet", Final Report 
~roject BW-10-1, Titanium Metals Corporation 
of America, June 1968. 
(12) Reactive Metals Inc., "Facts About W"elding 
Titanium", Report No. 1001-6705-10, Reactive 
Metals Inc., 1970. 
(13) Monroe, R.E. and Mortland, J.E., "Joining of 
Titanium", Defense Metals Information Center 
Report 240, Battelle Memorial Institute, 
25 November 1967. 
(14) Scott, M.H. and Dinsdale, W.O., "The W"eldability 
Tensile and Fatigue Properties of some 
Titanium Alloys", British Welding Research 
Association paper presented at a Symposium 
held in London and published in a book by 
Jaffee, R.I. and ..Promisel, :r-..:.E. "The .Science, 
Technology and Application of Titanium", 
Pergamon Press, 1970. 
(15) Khorev, A.I., Gruzdeva, L.A. and Titarenko, I.I., 
"Influence of Alloying and Heat Treatment 
on the Mechanical Properties of ~elded 
Titanium Alloy Joints", Russian Report 
published in English in Vol.l6, No.6, pp. 50-
55, Welding Production, June 1969. 
(16) Mitchell, D.R., "The Effect of Alloying 
Elements on the 'Weldability of Titanium", 
Technical Report A~S8-6.l, American Society 
of Metals, October 1968. 
(17) Schwenk, W., Kaehler, Jr. W.A. and Kennedy, 
J.R., "Weldability of Titanium Alloy Sheets 
6Al-6V-2Sn and 8Al-1Mo-lV" , Welding Research 
Suppl. Vol.32, No.2, pp. 64S to 72S, Welding 
Research Council, February 1967. 
(18) Mitchell, D.R., "The Veldability of Ti-6Al-
6V-2Sn", TMCA Report TTL-38, Project 42-15, 
Titanium Metals Corporation of America, 
21 March 1962. 
(19) Mitchell, D.R., "Properties of \"ields in Extra 
Low Interstitial Ti-6Al-6V-2Sn Plate", 
Titanium Metals Corporation of America, 
May, 1964. 
106 
(20) Gruss, J. and Headley, C., "Evaluation of flost 
Veld Annealed EB and GTA Welded Ti-6Al-6V-2Sn", 
Final Report 513-928, McDonnell Aircraft 
Company, 6 October 1970. 
(21) Vu, K.C., "Dual-Filler-Metal 'Welding of 
Ti-6Al-6V-2Sn and 6061 Aluminum Plates" 
Welding Research Suppl. Vol.34, No.8, pp. 
359.s-368.s, Veld Research Council, August 
1969. 
(22) Ball, H.J., "Welding Methods", Fifth Interim 
Report H325, McDonnell Aircraft Company, 
30 September 1969. 
(23) Maykuth, D.J., "Residual Stresses, Stress 
Relief and Annealing of Titanium and Titanium 
Alloys", Defense Metal Information Center 
Report S-23, Battelle Memorial Institute, 
1 July 1968. 
(24) Robelotto, R., Lambase, J.M. and Toy, A., 
"Residual Stresses in Welded Titanium and 
Their Effects on Mechanical Behaviour", 
Welding Research Suppl. Vol.47, p. 289.s-
298.s, Welding Research Council, July 1968. 
(25) Witt, R.H., "EB Welding Titanium'', pp 66-74, 
Vol.55, Welding Engineer, May 1970. 
(26) Pogorzelski, F.S., "Welding Processes and 
Application Guide", Final Report, McDonnell 
Aircraft Company, 21 May 1969. 
(27) Gruss, J. and Headley, C.A., "Removal of 
Alpha Case from Annealed Ti-6Al-6V-2Sn", 
Final Report 513-951, McDonnell Aircraft 
Company, 3 November 1970. 
VITA 
Michael John Ball was born August 11, 1943, in 
Bristol, England, where he received his primary and 
secondary education. He has received his college 
education from Bristol Technical College in Bristol, 
England; and from Newport and Monmouthshire College 
o( Science and Technology, Newport, England. He 
received Higher National Certificates in Metallurgy 
with endorsements in engineering, mathematics and 
English from the Bristol Technical College, Bristol, 
England, in June 1966. 
He has been enrolled in the Graduate School of 
the University of Missouri - Rolla - St. Louis 
Graduate Extension Center since September 1968. 
107 
He is presently employed by McDonnell Aircraft 
Company Division of the McDonnell Douglas 
Corporation, St. Louis, Missouri. Prior to July 1968 
he was employed by the Bristol Engine Division of 
Rolls Royce Ltd., Bristol, England. 
